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Introduction

The aging brain undergoes structural atrophy and func-

Abstract

Objective: Identifying genetic variation associated with brain structures in
aging may elucidate new biologic mechanisms underlying resilience to cognitive
decline. We investigated whether carrying one copy of the protective haplotype
“KL-VS” in longevity gene KLOTHO (KL) is associated with greater gray matter
volume in healthy human aging compared to carrying no copies. Methods: We
performed unbiased whole-brain analysis in cognitively normal older adults
from two independent cohorts to assess the relationship between KL-VS and
gray matter volume using voxel-based morphometry. Results: We found that
KL-VS heterozygosity was associated with greater volume in right dorsolateral
prefrontal cortex (rDLPFC). Because rDLPFC is important for executive func-
tion, we analyzed working memory and processing speed in individuals. KL-VS
heterozygosity was associated with enhanced executive function. Larger rDLPFC
volume correlated with better executive function across the lifespan examined.
Statistical analysis suggested that volume partially mediates the effect of geno-
type on cognition. Interpretation: These results suggest that variation in KL is
associated with bigger brain volume and better function.

gene (KL), rs9536314 (F352V), and rs9527025 (C370S) seg-
regate together and form a haplotype (KL-VS) that
increases klotho secretion'>'® and may alter its

tional decline, particularly in the medial temporal' > and
frontal cortices.®'" The process of aging, however, is
amenable to change, and can be influenced by genetics.'”
Thus, identifying genetic influences that modify anatomic
and functional changes of the aging brain may reveal
novel strategies to predict and promote healthy brain
function with advancing age.

The longevity gene Klotho was identified in mice as an
aging suppressor.''* Two variants in the human KLOTHO

functions."®!” Klotho circulates throughout the body and
brain.'»'*'®! Tts diverse functions include regulation
of insulin," Wnt*® FGF,*' and N-methyl-D-aspartate
(NMDA) receptor'® signaling, and transport of ion
channels.** Carrying one copy, but not two, of the KL-VS
haplotype has been associated with longevity,'®*>** healthy
cardiovascular functions,'®* and better renal health.*
Recently, KL-VS heterozygosity was linked to better global
cognition in healthy older adults."” Since KL-VS heterozy-
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Discovery Group
20 KL-VS | 21 Non-Carrier

Validation Group
30 KL-VS | 32 Non-Carrier

Replication Group
58 KL-VS | 134 Non-Carrier

| |
Y

Cohort1
50 KL-VS | 167 Non-Carrier

Meta-Analysis
108 KL-VS | 301 Non-Carrier

Cohort2
58 KL-VS | 134 Non-Carrier

Figure 1. Multi-stage study design for discovery, validation, and replication of brain regions associated with KL-VS genotype in healthy cognitive
aging. The first stage of analysis consisted of two unbiased whole-gray matter (GM) analyses of separate “discovery” and “validation” groups.
Noncarriers were matched to KL-VS heterozygotes for age, sex, years of education, scan type, APOE ¢4 genotype and handedness to reduce
heterogeneity. In the full Cohort 1 analysis, additional noncarriers were added. Samples from Cohort 1 are from the UCSF Memory and Aging
Center. Replication was performed using a region of interest-based analysis conducted in Cohort 2, an independent community-based sample
from the Rush University Memory and Aging Project. Whole-GM meta-analysis was used to confirm findings from Cohorts 1 and 2.

gosity has been associated with protection of aging body
systems and better cognition, we wondered whether it simi-
larly protects against atrophy of the aging human brain.

We performed an unbiased whole-brain survey to
determine whether KL-VS heterozygosity is associated
with greater gray matter (GM) volume in any brain
regions — and then assessed whether greater volume is
associated with better function.

Materials and Methods

Study participants

For Cohort 1 (n = 100 males, n = 122 females), healthy,
cognitively normal older adults (53-85 years) were
recruited for studies of healthy aging from the San Fran-
cisco community at the Memory and Aging Center of the
University of California, San Francisco (UCSF). For
Cohort 2 (n = 54 males, n = 146 females), healthy, cogni-
tively normal elderly community-dwelling individuals
(53-94 years) were recruited to the Memory and Aging
Project at Rush University Medical Center. All individuals
in primary analyses were aged 53-89; one 94-year-old
KL-VS homozygote was included in secondary analyses to
maximize sample size. All adults from both cohorts were
Caucasian (self-described in Cohort 1; non-Hispanic
European ancestry based on genome-wide association

study [GWAS] data in Cohort 2), had a Mini-Mental
State Examination®® (MMSE) score >25, a normal neuro-
logical examination and a consensus diagnosis of normal
All participants provided written informed
consent. Institutional review boards at each university

control.

approved all aspects of this research.

Study design

We utilized a multi-stage study design to identify and
replicate findings in a stepwise fashion in two indepen-
dent cohorts of cognitively healthy older adults (Fig. 1).
The first stage of analysis was conducted in samples from
Cohort 1. This consisted of two unbiased whole-GM
analyses of separate “discovery” (n = 20 KL-VS heterozyg-
otes, n = 21 noncarriers) and “validation” (n = 30 KL-VS
heterozygotes, n = 32 noncarriers) groups. Matched sub-
groups (“Discovery” and “Validation” in Table 1) of KL-
VS single-copy carriers and noncarriers were used in these
preliminary analyses to reduce heterogeneity due to image
acquisition, genetic risk and demographic variables and
improve our ability to detect true associations between
genotype and cortical volume. KL-VS heterozygotes were
matched to noncarriers based on (in order): scan type,
APOE &4 genotype, sex, age, years of education, and
handedness. Candidate brain regions (regions of interest
[ROIs]) that showed significant association with KL-VS
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Table 1. Descriptive information for KL-VS heterozygotes and noncarriers from Cohort 1, Cohort 2, and meta-analysis.

Cohort 1 Cohort 2 Meta-analysis
Noncarrier KL-VS Het. Noncarrier KL-VS Het. Noncarrier KL-VS Het.
(n=167) (n = 50) P-value  (n=134) (n = 58) P-value  (n=301) (n =108) P-value
v 1.74 x 10° + 175 x 10°+  0.73 1.67 x 10° + 170 x 10°+ 036 1.71 x 10° + 172 x 10°+ 049
(mean =+ SE) 1.4 x 10* 2.5 x 10% 1.8 x 107 2.7 x 10* 1.1 x 10* 1.8 x 10*
Age 69.9 + 0.5 715+ 0.9 0.16 80.7 £ 0.5 80.4 + 0.8 0.77 747 £ 05 763+ 0.8 0.10
(mean + SE)
Education 174+ 02 174+ 0.4 0.97 155+ 0.3 16.0 £ 0.4 0.31 16.5 + 0.2 16.6 + 0.3 0.77
(mean + SE)
Sex (M/F) 68/99 29/21 0.03 37/97 16/42 0.99 105/196 45/63 0.21
Scan type 18/149 4/46 0.57 134/0 58/0 NA 152/149 62/46 0.22
(1.5/37T)
APOE ¢4 (0/1)  127/40 42/8 0.24 111/23 45/13 0.39 238/63 87/21 0.74

Summary statistics for participants in Cohort 1, Cohort 2, and meta-analysis. Age (53-89 years), education (8-28 years), sex (male or female),
scan type (1.5 or 3 T MRI), and APOE &4 carrier status (0 or 1, where 0 = noncarrier and 1 = carrier of 1 or 2 APOE ¢4 alleles) are shown. Two-
tailed P-values were from ANOVA (continuous traits) or chi-square (categorical variables) tests by genotype. M, male; F, female.

heterozygosity in both the discovery and validation
groups, using a priori criteria (described in the Neuroi-
maging analysis section), were defined as validated.

To further evaluate these findings in a full cohort
reflecting the population frequency of KL-VS heterozygos-
ity (20-25%) as compared to noncarriers, we analyzed all
individuals with available neuroimaging and genetic data
from Cohort 1 (inclusive of individuals from the preli-
minary discovery and validation analyses; Fig. 1). The pri-
mary purpose of this analysis was to ensure that the KL-
VS heterozygote effect was not being overestimated in the
matched cohorts and was reflective of the population. We
conducted whole-GM analysis as well as analysis focused
specifically on the ROIs significantly validated in our pre-
liminary analyses. These findings are presented as the
“Cohort 17 results.

We next sought to replicate the Cohort 1 findings by
estimating the effect of carrying one versus no copies of
KL-VS on ROI volumes in an independent normal aging
population comprised of community-dwelling individuals
in a different geographic region (Cohort 2) (Fig. 1), who
were participants in the Rush University Memory
and Aging Project (n = 58 KL-VS heterozygotes, n = 134
noncarriers).

Finally, to confirm that both cohorts showed similar
effects of KL-VS genotype on brain volume and cognitive
function, we performed
Cohort 1 and 2 participants.

secondary meta-analysis of

Genotyping

For Cohort 1, genotyping of rs9536314 for F352V and
rs9527025 for C370S was performed using Sequenom
iPLEX Technology (Sequenom, San Diego, CA). All PCR
reactions and subsequent steps were performed per manu-

facturer’s instructions. The SpectroAquire and MassAR-
RAY Typer Software packages (Sequenom, San Diego, CA)
used for interpretation and Typer analyzer
(v 3.4.0.18) was used to review and analyze all data. Geno-
types with “Conservative” or “Moderate” quality calls
(99% of total genotyped samples) were utilized for analy-
sis. For Cohort 2, samples were genotyped on the Affyme-
trix Genechip 6.0 platform (Affymetrix Inc., Santa Clara,
CA; n =30 KL-VS heterozygotes, n =88 noncarriers,
n =5 homozygotes) and on the Ilumina OmniExpress
platform (Illumina Inc., San Diego, CA; n = 28 heterozyg-

were

otes, n = 46 noncarriers, n = 3 homozygotes; P = 0.19 no
significant difference between platform and genotype, chi-
squared test). Standard quality control measures were
applied by individual (genotype success rate >95%, geno-
type-derived sex concordant with reported sex, excess
inter/intra-heterozygosity) and by SNP (Hardy—Weinberg
Equilibrium P > 0.001; minor allele frequency [MAF]
>0.05, genotype call rate >0.95; misshap test >1 x 107°).
Genotype imputation was performed with BEAGLE* (ver-
sion: 3.3.2) using the 1000 Genomes Project.® An imputa-
tion confidence score (INFO) of >0.3 was required for
inclusion. For purposes of KL-VS dose in statistical analy-
sis, minor allele doses between 0-0.002 were considered as
0, between 0.994-1.006 were considered as 1, and between
1.994-2 were considered as 2. As expected from HapMap
and previous work,” 159536314 and rs9527025 were in
perfect linkage disequilibrium in all samples genotyped.
For all primary analyses, single-copy KL-VS carriers were
compared to noncarriers. Homozygotes for the KL-VS
allele, a rare genotype associated with shortened lifespan
and harmful health effects,'®*****° were only included in
exploratory secondary analyses due to the low fre-
quency of this genotype (n =5 in Cohort 1, n =28 in
Cohort 2).
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Image acquisition

Participants from Cohort 1 underwent structural
T1-weighted MR imaging on a 3 T (n = 46 KL-VS het-
erozygotes, n = 149 noncarriers, n =5 homozygotes)
scanner at the Neuroscience Imaging Center at UCSF and
15T (n=4 KL-VS heterozygotes, n = 18 noncarriers)
scanner at the San Francisco Veterans Affairs Medical
Center as described.”’ KL-VS heterozygotes and noncarri-
ers were matched for field strength distribution for all
Cohort 1 analyses. Individuals from Cohort 2 had TI1-
weighted anatomical data collected on a 1.5 T GE (Gen-
eral Electric, Waukesha, WI) MRI scanner as described.*?
MRI scans from all individuals in both cohorts were
acquired within 1 year of the clinical visit and neuropsy-
chological evaluation.

Neuropsychological assessment

For Cohort 1 (n = 208 KL-VS heterozygotes and noncar-
riers with >1 score available), Cohort 2 (n = 191 KL-VS
heterozygotes and noncarriers with >1 score available),
and in meta-analysis, a composite executive Z-score (rep-
resenting number of positive or negative standard devia-
tions from the mean) was calculated for each participant
as a measure of overall function in the executive cognitive
domain. Positive scores represent better performance. In
Cohort 1, the following were measured as described?*:
Modified Trails (variable of interest: completion time;
cognitive domains assessed: set shifting, processing speed),
digits backward (number correct; working memory), D-
word generation (number correct; phonemic generation),
and Stroop inhibition (number correct; response inhibi-
tion). Three outlier scores (43 standard deviations from
the mean) for Modified Trails were excluded from analy-
sis since they indicated errors in testing or data entry. In
Cohort 2, a similar battery was assessed®* and included:
digits backward (number correct; working memory),
Stroop color naming (number correct; perceptual speed,
inhibition), number comparison test (number correct;
perceptual speed, inhibition), and symbol digit modalities
(number correct; perceptual speed, working memory).
Two outlier scores from Stroop color naming and one
outlier score from symbol digit modalities were excluded.
Composite executive Z-scores were combined by meta-
analysis accounting for test center in statistical modeling.
Sensitivity analysis was performed on cohort-specific stan-
dardized scores for digits backward (the only test shared
across groups). For exploratory secondary analyses, com-
posite executive Z-scores were similarly recalculated sepa-
rately for each cohort across all genotype groups (all
homozygotes had >1 score available for analysis).

J.S. Yokoyama et al.

Image processing

To assess the effect of KL-VS heterozygosity (scored as
absent or present) versus noncarriers on GM volume, we
conducted whole-GM voxel-based morphometry (VBM)
analysis using well-described methods.”?® Briefly, TI-
weighted structural MR images were preprocessed in
SPM8 running under Matlab (The MathWorks, Inc.,
Natick, MA) then warped with DARTEL*” to a custom
healthy older adult template using default settings with
bias correction, light cleaning and skull stripping. DAR-
TEL-processed GM images were smoothed with an 8§ mm
kernel. All images were processed in a single batch and
were manually curated for accurate segmentation.

Neuroimaging analysis

For primary VBM analyses, a general linear model (glm)
was fit at each voxel to model the dependence of tissue
volume on KL-VS heterozygosity using vlsm2.5.°® In the
two-stage discovery-validation analysis for Cohort 1
(Fig. 1), significantly validated regions were identified in
the following manner. In the discovery group, a priori
significant findings in whole-GM analysis were estab-
lished at an uncorrected Pgncorr < 0.001 and cluster size
>100 mm”. In the validation group, significant validation
was established in whole-GM analysis at Pypcorr < 0.001
for any size cluster that overlapped with significant clus-
ters in the discovery analysis. Validated regions were
combined to form an ROI that was used to account for
multiple comparisons and for independent replication in
Cohort 2. To adjust for multiple testing, discovery and
validation groups were combined with additional non-
carriers. We established the T-threshold for family wise
error (FWE) correction by performing 1000 permuta-
tions of the error in each analytic model and identifying
the T-value representing P < 0.05 on the error
distribution.”® Significance was established for whole GM
(PpwE-whole < 0.05) and for the ROI identified in the
discovery-validation as represented by the Automated
Anatomical Labeling (AAL) atlas®®  (Prwe.ror < 0.05).
This analysis is presented as the full “Cohort 1” analysis.
We hypothesized a priori that KL-VS heterozygotes
would have larger GM volume compared to noncarriers
(one-tailed test). Since glm in vlsm2.5 is set up as one-
tailed, we also explicitly tested the converse relationship
(i.e., that KL-VS heterozygosity is associated with smaller
volume) in a separate analysis. The model was adjusted
for age at time of scan, total intracranial volume (TIV),
sex, years of education and field strength (1.5 or 3 T).
Sensitivity analysis was also conducted on samples with
3 T scans only to exclude any bias due to scanner.*!
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For Cohort 2, VBM was performed within the ROI
defined by the discovery-validation analysis, adjusting for
age at time of scan, TIV, sex, and years of education.
Significant replication was established at P < 0.05 divided
by the number of ROIs tested (P < 0.025 for two ROIs
tested). For VBM meta-analysis, whole-GM was analyzed
in Cohorts 1 and 2 in models adjusting for age at time of
scan, TIV, sex, years of education, scan type, and test cen-
ter. For exploratory secondary meta-analyses of all three
genotype groups, whole-GM VBM was performed adjust-
ing for the same variables as above. In secondary analyses,
homozygotes were scored as 0, noncarriers were scored as
1, and KL-VS heterozygotes were scored as 2 to reflect
the hypothesized biological relationship of genotypes
based on the literature.'®*>*>*° For quantitative assess-
ments of volume, mean GM proportion (a proxy of vol-
ume) was extracted for the cluster of interest and
standardized by cohort for use in regression analysis
adjusting for TIV and other demographic variables as
described below.

Statistical analysis

Linear regression models (linear regression t-test equiva-
lent to a type IV or III analysis of variance [ANOVA])
were used to assess the relationship of KL-VS genotype,
standardized ROI volumes, and composite executive
Z-scores in individuals from Cohort 1 and Cohort 2. For
primary analyses, linear models accounted for age, sex,
education, APOE ¢4 carrier status (present or absent),
TIV (for analyses of volume only), and KL-VS haplotype
status (0 or 1 allele). Test center was also included as a
variable in the nonweighted meta-analysis to confirm
findings in Cohorts 1 and 2 were consistent in direction
and to estimate the magnitude of effect. Additional mod-
els were used to test for interaction effects of KL-VS
genotype by age and KL-VS genotype by volume on cog-
nition, accounting for all above covariates and main
effects. For secondary analysis of all three genotype
groups, KL-VS homozygotes were scored as 0, noncarriers
were scored as 1, and KL-VS heterozygotes were scored as
2. Mediation analysis was performed as originally
described.** First, bivariate models were run to test the
direct effects of genotype on volume and cognition, and
of volume on cognition. Next, multivariate models were
run to assess whether volume altered the association
between genotype and cognition (i.e., modeling genotype
and volume as predictors of cognition). We then com-
pared the size of the effect of genotype on cognition with
or without volume in the model to estimate the contribu-
tion of volume as a predictor of cognition. All regression
analyses were two-tailed unless indicated otherwise.
Adjusted composite executive Z-scores and ROI volume

KLOTHO Predicts Brain Volumes in Aging

measures were calculated as best linear unbiased esti-
mates. Regression analyses were performed in Statal0.1/
MP (StataCorp LP, College Station, TX). Linear regres-
sion lines and slope and intercept comparisons were cal-
culated in Prism 6 (Graphpad Software, Inc., La Jolla,
CA). Post hoc pairwise comparisons were calculated using
Tukey’s multiple comparisons test in Prism.

Results

Participant characteristics

We performed analysis in two independent cohorts of
cognitively healthy older adults (Fig. 1). The first cohort
consisted of individuals from the UCSF Memory and
Aging Center (Cohort 1; n =50 KL-VS heterozygotes,
n = 167 noncarriers). The second cohort comprised
participants from the Rush University Memory and Aging
Project (Cohort 2; n = 58 KL-VS heterozygotes, n = 134
noncarriers). Together, the two cohorts comprised 409
Caucasian individuals (53-89 years of age) without
dementia or mild cognitive impairment, and with a
MMSE®*® score >25. Twenty-six percent of individuals
were heterozygous for the KL-VS allele (Table 1), which
is close to the 20-25% heterozygosity frequency typically
seen in European populations.'®**

Unbiased whole-brain analysis identifies
rDLPFC as a region of interest associated
with KL-VS heterozygosity

We hypothesized that carrying one copy of the KL-VS hap-
lotype would be associated with greater GM volume com-
pared to noncarriers, which we investigated using whole-
GM VBM. In the discovery group, we found that carrying
one KL-VS allele was associated with greater GM volume in
frontal cortical brain regions (Pypcorr < 0.001), including
right dorsolateral prefrontal cortex (rDLPFC) (MaxT = 4.51,
cluster size [mm®] = 867, peak Montreal Neurological Insti-
tute [MNI] coordinates = 39, 26, 36) and left supplemental
motor area  (ISMA, MaxT = 4.24, cluster = 840,
MNI = —14, —6, 59). In the validation group, both regions
were also associated with KL-VS heterozygosity using an a
priori significance threshold of Pyneorr < 0.001 (rDLPEC:
MaxT = 3.50, cluster = 20, peak MNI coordinates = 33, 15,
42; ISMA: MaxT = 4.01, cluster = 122, MNI = —12, —6,
54). The coordinates represent a single voxel that has the
strongest f-value within a broader significant cluster; the
clusters overlapped extremely closely between the discovery
and validation groups. No other regions fulfilled validation
criteria. In analyses testing whether KL-VS heterozygosity is
associated with lower GM volume, no regions met valida-
tion criteria (data not shown).

© 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 219



KLOTHO Predicts Brain Volumes in Aging J. S. Yokoyama et al.

A Cohort 1 B Cohort 2 C Meta-analysis

D Cohort 1 E Cohort 2 F  Meta-analysis

0.6, Hl Non-Carrier 0.4, Il Non-Carrier 0.5, H Non-Carrier
| B KL-VS Het. % %% B KL-VS Het. % B KL-VS Het.
0.5 0.3 0.4 *k%
g 044 o e
S g 02l S 0.3
o 0.3 o 0. o
@ v @ @ 0.2
"~ 0.2 N 0.1] %
£ £ £ 0.11
2 014 3 0.0 %
o S 0.0+
2 0. p > 0.0
011 0.1 0.1
-0.2- -0.2- -0.2-
G Cohort 1 H Cohort 2 |  Meta-analysis
2.0 7 - Non-Carrier 1.5 = Non-Carrier 2.0 - Non-Carrier
-=- KL-VS Het. = KL-VS Het. = KL-VS Het.
1.5 ° " 1.5 °
o o 10 . .
£ 1.0] g £ 1.0]
® @ 0.5 ?
N 0.57 N N 0.51
£ £ £ 0.0
S 05] S 2 .05
-0.5
1.0/ 1.0/ s
1.5 — a0 45
50 60 70 80 90 50 60 70 80 90 100 50 60 70 80 90 100
Age (Years) Age (Years) Age (Years)

Figure 2. KL-VS heterozygosity is associated with greater volumes of right dorsolateral prefrontal cortex (DLPFC) in two independent cohorts and
meta-analysis of healthy older adults, independent of age. (A-C) Voxel-based morphometry (VBM) results are shown as statistical T-value maps (in
color) overlaid on an axial slice of the template brain from DARTEL. Significant findings are highlighted by yellow circles. Maps are thresholded at
the specified T-values to reflect stated P-value. Left side of image corresponds to left side of brain. (A) In blue, full Cohort 1 analysis demonstrated
association between carrying one copy of the KL-VS haplotype and greater gray matter (GM) volume in right DLPFC (rDLPFC). Greater rDLPFC
volume remained significant after permutation-based correction for multiple testing for two ROIs of interest, rDLPFC (Prwe.ror = 0.04) and left
supplemental motor area (data not shown). T-map is thresholded at 7 = 3.35-5.3 (Puncorr < 0.001). (B) In red, significant replication of greater
rDLPFC volume in KL-VS heterozygotes was demonstrated in Cohort 2 VBM analysis (Pyncorr < 0.05). T-map is thresholded at T =1-2.2 for
visualization purposes. (C) In purple, meta-analysis of Cohorts 1 and 2 showed greater volume in rDLPFC in KL-VS heterozygotes (Pyncorr < 0.001). T-
map is thresholded at 7= 1.65-3.7 (Pyncorr < 0.05). (D-F) Quantitation of rDLPFC volume Z-scores in KL-VS heterozygotes and noncarriers in (D)
Cohort 1, (E) Cohort 2, and (F) meta-analysis. Data are means & SEM. *P < 0.05, ***P < 0.001 versus noncarrier (two-tailed, linear statistical
model). (G-I) Quantitation of rDLPFC volume Z-scores as a function of age in KL-VS heterozygotes and noncarriers. KL-VS heterozygosity was
associated with greater rDLPFC volume across all ages in (G) Cohort 1, (two-tailed P = 4.07 x 107°), (H) Cohort 2, (P = 0.02), and (I) meta-analysis
(P=2.64 x 107°). There was a significant difference in intercepts (P < 0.0001) but not in slopes (P = 0.58) between the two linear predictions.
Data in (D) are adjusted by age, sex, education, APOE &4 carrier status, total intracranial volume (TIV), and (in F and I) test center.
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To confirm the effect of KL-VS heterozygosity on whole-
brain and ROI volumes in a group representative of KL-VS
population frequencies, we performed final Cohort 1 analy-
sis of all individuals with available neuroimaging and
genetic data, inclusive of the original discovery and valida-
tion cohorts. In Cohort 1 analysis, we also accounted for
multiple testing at the whole-GM level and in an ROI mask
using the right middle frontal gyrus (to broadly encompass
rDLPFC) and ISMA AAL atlas regions. KL-VS heterozygotes
showed larger rDLPFC volume, significant at the ROI level
(Prwg-ror = 0.04, Fig. 2A). Carrying one copy of KL-VS
was also associated with greater GM volume in the ISMA
in Cohort 1, significant at the ROI-corrected (Pprwg.
ror = 0.01) and whole-GM  (Ppwg-whole = 0.05) levels.
Cohort 1 analysis of only participants with 3 T images ren-
dered similar findings (data not shown).

KL-VS heterozygosity is associated with
greater rDLPFC volume, independent of age,
in two cohorts and via meta-analysis

We next sought to replicate our Cohort 1 findings by
estimating the effect of KL-VS specifically on ISMA and
rDLPFC volumes in an independent, community-based
cohort of cognitively healthy older adults (Cohort 2)
using the same ROIs as above. A cluster representing
rDLPFC showed significantly greater volume in KL-VS
heterozygotes versus noncarriers in Cohort 2, significant
at an a priori replication threshold of P < 0.025 for two
ROIs tested (MaxT = 2.17, cluster = 213 mm°,
MNI = 24, 48, 25) (Fig. 2B). This significant cluster over-
lapped with the significant rDLPFC cluster from the full
Cohort 1 analysis, demonstrating that the same neuroana-
tomical region has greater volume in KL-VS heterozygotes
in two independent groups of cognitively normal older
adults. ISMA did not show significantly greater volume in
KL-VS heterozygotes from Cohort 2.

Since prefrontal cortices are selectively vulnerable to
aging,”* and we hypothesized that KL-VS counters struc-
tural brain aging, we conducted further analyses of
rDLPFC. We performed secondary whole-GM VBM
meta-analysis of Cohorts 1 and 2 to confirm the KL-VS
effect and found that rDLPFC volume was greater in indi-
viduals carrying one KL-VS allele versus noncarriers
(Puncorr < 0.001, MaxT = 3.37, cluster = 41, MNI = 31,
23, 39) (Fig. 2C). Quantitative measures of volume for
each individual were extracted for the VBM finding
located in rDLPFC in Cohorts 1 and 2. KL-VS heterozyg-
otes had greater rDLPFC volumes when compared to
noncarriers in both independent cohorts (Cohort 1:
P =407 x 107° and Cohort 2: P =0.02) (Fig. 2D-E)
and in secondary meta-analysis of both cohorts
(P =2.64 x 107°) (Fig. 2F; Table 2).

KLOTHO Predicts Brain Volumes in Aging

We next investigated whether the association of KL-VS
heterozygosity with rDLPFC volume varies by age to test
our hypothesis that klotho counters brain aging. In each
cohort and in secondary meta-analysis, rDLPFC volume
decreased with advancing age (Cohort 1: P = 8.45 x 10~
Cohort 2: P =376 x 1077
1.94 x 107'2) (Table 2), consistent with prior reports.
*° Interestingly, the age-related decrease in rDLPFC volume
was observed in both KL-VS heterozygotes and in noncarri-
ers (no significant interaction of KL-VS and age, Cohort 1:
P =0.19; Cohort 2: P = 0.25; meta-analysis: P = 0.46; no
significant difference in slopes of linear predictions,
P =0.58) (Fig. 2G-I). KL-VS heterozygotes had larger
rDLPFC volume than noncarriers across all ages (signifi-
cant difference in intercept of linear predictions,
P < 0.0001). These data suggest that KL-VS heterozygosity
is associated with greater baseline rDLPFC volume but does
not prevent age-related decline.

meta-analysis: P =
8,43—

KL-VS heterozygotes show better executive
function

Since KL-VS heterozygotes exhibited greater rDLPFC vol-
ume, and this cortical region is essential to the neural net-
work subserving executive function,”” ** we hypothesized
that KL-VS is associated with better executive function.
To test this, we calculated composite Z-scores probing
specific measures of executive function such as working
memory, task inhibition, and processing speed using nor-
malized scores from multiple neuropsychological tests.

Meta-analysis showed that older age and lower education
were associated with worse executive function. KL-VS het-
erozygosity was associated with better executive function in
both cohorts (Cohort 1: P =2.06 x 10 > and Cohort 2:
P = 0.04) and showed a consistent association in combined
meta-analysis (P = 4.71 x 1074 (Fig. 3A—-C; Table 2)
after accounting for these effects. Similar to volume, the
KL-VS effect on executive function occurred across all ages
in Cohorts 1, 2, and in secondary meta-analysis (Fig. 3D—
F). Sensitivity analysis of “digits backwards,” a neuropsy-
chological measure of executive function shared by both
cohorts, showed similar results (data not shown).

Greater rDLPFC volume partially mediates
the effect of KL-VS heterozygosity on
enhanced executive function

rDLPFC volume was positively correlated with composite
executive  Z-scores by  meta-analysis (P = 0.003,
f £ SE = 0.15 £+ 0.05), consistent with previous observa-
tions.*® Interestingly, after accounting for the influence of
rDLPFC volume, effects of KL-VS heterozygosity on

enhanced executive function persisted (meta-analysis
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Table 2. Regression analyses for KL-VS heterozygotes and noncarriers from Cohort 1, Cohort 2, and meta-analysis.

Beta estimate (STD error)

P-value

|. Outcome: rDLPFC volume
Cohort 1/Cohort 2
Total intracranial volume

1.42 x 107 (3.61 x 1077)/

1.19 x 107%2.86 x 107

1.34 x 10°°(3.61 x 1077)

Age —0.05 (0.01)/—0.05 (0.01) 8.45 x 107°/3.76 x 10~
Sex (F) —0.04 (0.13)/0.34 (0.17) 0.78/0.04
Education 0.03 (0.03)/—0.02 (0.02) 0.33/0.32
APOE ¢4 carrier 0.16 (0.15)/—0.23 (0.17) 0.27/0.17
(

Genotype, KL-VS
Meta-analysis: Cohorts 1 and 2

0.60 (0.14)/0.33 (0.14)

4.07 x 107°/0.02

Total intracranial volume 1.35 x 1076 (2.50 x 1077) 1.09 x 1077
Age —0.05 (0.01) 1.94 x 10712
Sex (F) —0.20 (0.10) 0.05
Education —0.01 (0.02) 0.77
Center —0.55(0.12) 2.88 x 107
APOE &4 carrier —0.04 (0.11) 0.70
Genotype, KL-VS 0.43 (0.10) 2.64 x 107°
Il. Outcome: Composite exec. Z-score
Cohort 1/Cohort 2
Age —0.04 (9.41 x 1073)/-0.05 (0.01) 7.08 x 107°/5.84 x 107°
Sex (F) 0.04 (0.14)/—0.07 (0.15) 0.75/0.66
Education 0.09 (0.03)/0.08 (0.02) 7.84 x 1073/9.04 x 1074
APOE &4 carrier —3.20 x 1073 (0.16)/—0.06 (0.17) 0.98/0.73

Genotype, KL-VS
Meta-analysis: Cohorts 1 and 2

0.46 (0.16)/0.31 (0.15)

2.06 x 1073/0.04

Age —0.04 (0.01) 3.55 x 1078
Sex (F) —0.01 (0.10) 0.90
Education 0.08 (0.02) 1.68 x 107°
Center —0.52 (0.12) 293 x 107°
APOE ¢4 carrier —0.04 (0.12) 0.72
Genotype, KL-VS 0.38(0.11) 471 x 1074
Ill. Outcome: Composite exec. Z-score with rDLPFC volume
Meta-analysis: Cohorts 1 and 2
rDLPFC volume 0.11 (0.05) 0.04
Total intracranial volume 2.59 x 1077 (2.72 x 1077) 0.34
Age —0.03 (0.01) 5.54 x 107°
Sex (F) —0.01(0.11) 0.96
Education 0.08 (0.02) 1.26 x 107°
Center —0.46 (0.12) 333 x 107
APOE ¢4 carrier —0.04 (0.12) 0.73
Genotype, KL-VS 0.33(0.11) 212 x 1073

KL-VS heterozygosity is associated with greater rDLPFC volume and enhanced executive function after accounting for several variables. The esti-
mate and accompanying error reflect the effect (beta) of each independent variable as a predictor of rDLPFC volume or composite executive Z-
score after accounting for all other variables in the model. For Cohorts 1 and 2, the linear statistical model included as independent variables:
age, sex, education, APOE &4 carrier status, total intracranial volume (TIV, in | only), and KL-VS heterozygosity (0 or 1). For the meta-analysis, the
model additionally included test center as a predictor variable. All tests were two-tailed. rDLPFC, right dorsolateral prefrontal cortex.

P =0.002; Fig. 3G; Table 2). There was no interaction
between rDLPFC volume and KL-VS heterozygosity on
executive function via meta-analysis (P = 0.70). In light of
this, we performed mediation analysis** to assess how much
of the KL-VS association with greater rDLPFC volume con-
tributed to enhanced executive function (Fig. 3H). In bivari-
ate models, KL-VS genotype significantly predicted rDLPFC
volume (P = 0.007, 0.30 &£ 0.11) and executive function

(P =0.003, 0.34 £ 0.11). rDLPFC volume also significantly
predicted executive function (P = 0.003, 0.15 % 0.05). Fur-
thermore, when rDLPFC volume was added to the multivar-
iate model, although both KL-VS (P = 0.008, 0.30 & 0.11)
and rDLPFC volume (P = 0.008, 0.13 =+ 0.05) remained
significant predictors of executive function (Fig. 3H) the
effect of KL-VS was slightly attenuated. Approximately 12%
of the KL-VS effect on executive function was mediated by

222 © 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.



J.S. Yokoyama et al. KLOTHO Predicts Brain Volumes in Aging

>
w
o

Cohort 1 Cohort 2 Meta-analysis

7l Non-Carrier 0.4 Il Non-Carrier 41 Il Non-Carrier
B KL-VS Het.
*%*

Il KL-VS Het. %% %

B KL-VS Het. %

0.4 0.3

0.2+

0.1

Composite Executive Z-Score
Composite Executive Z-Score
Composite Executive Z-Score

-0.2- -0.2-
D Cohort 1 E Cohort 2 F Meta-analysis
1.5 = Non-Carrier 1.5 -« Non-Carrier 1.5 = Non-Carrier
= KL-VS Het. = KL-VS Het. -=- KL-VS Het.

1.0 1.0

1.0
0.5

0.5 0.5

Composite Executive Z-Score
Composite Executive Z-Score
Composite Executive Z-Score
o
=}

-0.5 -0.5 e
. -‘;g -1.01
-1.0 - - - ‘ -1.0 — -1.5 ———
50 60 70 80 90 50 60 70 80 90 100 50 60 70 80 90 100
Age (Years) Age (Years) Age (Years)

®

Meta-analysis H

1.57 = Non-Carrier
= KL-VS Het.

0.300.11)"
/ 0.13(0.05)"

rDLPFC Executive

KL-V .
> 0_30(0.11?** Volume 0_15(0.05?** Function
— 034041 /

Composite Executive Z-Score

324101 2 3
Volume Z-Score

Figure 3. KL-VS heterozygosity is associated with enhanced executive function in two independent cohorts and meta-analysis of healthy older
adults, independent of age. KL-VS heterozygotes showed higher composite executive Z-scores than noncarriers in (A) Cohort 1, (B) Cohort 2, and
(C) meta-analysis. Data are means + SEM and were analyzed by a linear model adjusting for age, education, sex, APOE ¢4 carrier status and (in
C) center. *P < 0.05, **P < 0.01, ***P < 0.001 versus noncarrier (two-tailed). (D-F) KL-VS heterozygosity-associated enhancements in executive
function were observed across all ages in (D) Cohort 1 (two-tailed P=2.06 x 1073), (E) Cohort 2 (P=10.04), and (F) meta-analysis
(P=4.71 x 107%. (G) In meta-analysis, right dorsolateral prefrontal cortex (rDLPFC) volume was positively correlated with composite executive Z-
scores in both KL-VS heterozygotes and noncarriers (P = 0.003). (H) Mediation analysis of KL-VS heterozygosity and rDLPFC volume as predictors
of executive function in Cohorts 1 and 2. Bivariate (black shaded arrows, middle and bottom) and multivariate (purple outlined arrows, top) analy-
ses of direct and indirect effects of KL-VS heterozygosity and rDLPFC volume demonstrated that each were significant predictors of executive
function, indicating that KL-VS-associated enhancement in executive function was partially mediated by rDLPFC volume. Estimated effects (beta,
in bold) of genotype and/or volume as predictors of cognition, along with the standard error (in parentheses), are provided for each analysis.
**P < 0.01 (two-tailed).
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rDLPFC volume. These data indicate that KL-VS-associated
increases in rDLPFC volume partially, but not completely,
account for enhanced executive function.

Exploratory analyses show that KL-VS
homozygosity tends to be associated with
smaller rDLPFC volume and worse executive
function

In exploratory secondary analyses we assessed effects of
carrying two copies of KL-VS. Since KL-VS homozygotes
show decreased lifespan and increased disease risk

compared to noncarriers and heterozygotes,'®*****% we

J.S. Yokoyama et al.

hypothesized that they would similarly show lower
rDLPFC volume and executive function. Thus, we per-
formed meta-analysis modeling the hypothesized relation-
ship of KL-VS genotype on GM volume (via VBM) and
executive function across both cohorts (n =13 KL-VS
n =108 KL-VS heterozygotes, n = 301
noncarriers) (Table 3).

In whole-GM VBM, KL-VS genotype was associated
with rDLPFC volume (Pypcorr < 0.005, MaxT = 2.64, clus-
ter = 24, MNI = 26, 45, 31). KL-VS heterozygotes had
the greatest rDLPFC volume, KL-VS noncarriers had
average volume, and KL-VS homozygotes had the smallest
volume (Fig. 4A; Table 4). The overall relationship of

homozygotes,

Table 3. Descriptive information for all KL-VS genotype groups from Cohort 1, Cohort 2 and meta-analysis.

Cohort 1 Cohort 2 Meta-analysis
KL-VS KL-VS KL-VS
Noncarrier  KL-VS het.  homo. Noncarrier ~ KL-VS het.  homo. Noncarrier ~ KL-VS het.  homo.
(n=167) (n=50) (n=5) P-value (n=134) (n=58) (n=8) P-value (n=301) (=108 (n=13) P-value
Age 69.9 + 715 + 742 £ 0.17 80.7 + 80.4 + 821+ 075 74.7 + 76.3 £ 79.1 + 0.06
(mean + SE) 0.5 0.9 0.5 0.5 0.8 1.8 0.5 0.8 1.7
Education 174 + 17.4 + 17.6 £ 0.97 15.5 + 16.0 + 143+ 0.28 16.5 + 16.6 + 15.5 + 0.41
(mean + SE) 0.4 0.4 1.0 0.3 0.4 1.2 0.2 0.3 0.9
Sex (M/F) 68/99 29/21 3/2 0.08 37/97 16/42 1/7 0.64 105/196 45/63 4/9 0.41
Scan type 18/149 4/46 0/5 0.64 134/0 58/0 8/0 NA 152/149 62/46 8/5 0.38
(1.5/371)
APOE &4 (0/1)  127/40 42/8 3/2 0.42 111/23 45/13 8/0 0.28 238/63 87/21 1172 0.91

Summary statistics for participants in Cohort 1, Cohort 2, and meta-analysis. Age (53-94 years), education (8-28 years), sex (male or female),
scan type (1.5 or 3 T MRI), and APOE ¢4 carrier status (0 or 1, where 0 = noncarrier and 1 = carrier of 1 or 2 APOE ¢4 alleles) are shown. Two-
tailed P-values were from ANOVA (continuous traits) or chi-square (categorical variables) tests by genotype. M, male; F, female.
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Figure 4. KL-VS heterozygosity and homozygosity are associated with right dorsolateral prefrontal cortex (DLPFC) volume, independent of age.
(A) KL-VS heterozygotes showed greater rDLPFC volume and KL-VS homozygotes showed smaller rDLPFC volume than noncarriers via meta-
analysis (P = 0.01). Data are means + SEM and were analyzed by a linear model adjusting for age, education, sex, APOE ¢4 carrier status and
center. Post hoc pairwise tests demonstrated there was a significant difference between KL-VS heterozygotes versus noncarriers. *P < 0.05 (two-
tailed Tukey's multiple comparisons test). rDLPFC volume in homozygotes showed significantly lower volume only when compared to noncarriers
in a separate VBM analysis (P < 0.05). (B) rDLPFC volume Z-scores as a function of age across KL-VS genotype. Across all ages, KL-VS
heterozygosity was associated with greater rDLPFC volume while KL-VS homozygotes showed lower rDLPFC volume via meta-analysis (P = 0.01).
Overall genotype effects on baseline (P < 0.0001), but not their slopes over time (P = 0.41), were significantly different across groups. Data are
adjusted by age, sex, education, APOE ¢4 carrier status, total intracranial volume (TIV), and test center.
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Table 4. Regression analyses for all KL-VS genotype groups from
meta-analysis of Cohorts 1 and 2.

Beta estimate

(STD error) P-value

|. Outcome: rDLPFC volume
Meta-analysis: Cohorts 1 and 2

Total intracranial volume 1.39 x 107 5.62 x 1078

(2.51 x 1077)
Age —0.05 (0.01) 7.29 x 10713
Sex (F) —0.07 (0.10) 0.52
Education —0.02 (0.02) 0.31
Center —0.58 (0.12) 1.61 x 107%
APOE &4 carrier —0.09 (0.11) 0.40
Genotype, KL-VS 0.24 (0.09) 0.01

Il. Outcome: Composite exec. Z-score
Meta-analysis: Cohorts 1 and 2

Age —0.03 (0.01) 5.25 x 107°
Sex (F) —0.13 (0.10) 0.20
Education 0.07 (0.02) 1.42 x 1074
Center —0.44 (0.12) 4.40 x 107
APOE ¢4 carrier 0.03 (0.12) 0.83
Genotype, KL-VS 0.21 (0.10) 0.03

lll. Outcome: Composite exec. Z-score with rDLPFC volume
Meta-analysis: Cohorts 1 and 2

rDLPFC volume 0.11 (0.01) 0.03
Total intracranial volume —5.22 x 10~/ 0.06
(2.75 x 1077)
Age —0.02 (0.01) 2.76 x 1073
Sex (F) —0.18 (0.11) 0.10
Education 0.07 (0.02) 7.54 x 107°
Center —0.36 (0.13) 483 x 1073
APOE ¢4 carrier 0.03 (0.12) 0.80
Genotype, KL-VS 0.18 (0.10) 0.07

KL-VS genotype is associated with greater rDLPFC volume and
enhanced executive function after accounting for several variables.
The estimate and accompanying error reflect the effect (beta) of each
independent variable as a predictor of rDLPFC volume or composite
executive Z-score after accounting for all other variables in the model.
For meta-analysis, the linear statistical model included as independent
variables: age, sex, education, APOE ¢4 carrier status, total intracranial
volume (TIV, in | and IIl only), KL-VS genotype (homozygotes scored
as 0, noncarriers scored as 1, and heterozygotes scored as 2) and test
center. All tests were two-tailed. rDLPFC, right dorsolateral prefrontal
cortex.

KL-VS genotype and volume was significant (P = 0.01).
Post hoc pairwise comparisons using this model revealed
that rDLPFC volume in KL-VS heterozygotes was greater
compared to noncarriers (P < 0.05), as anticipated.
rDLPFC volume of KL-VS homozygotes showed signifi-
cantly lower volume (P < 0.05) only when compared to
noncarriers in a separate VBM analysis. In all three geno-
type groups, rDLPFC volume decreased with age
(P=729 x 107" no significant interaction between
KL-VS and age, P =0.93; no significant difference
between slopes, P = 0.41) and baseline was highest in

KLOTHO Predicts Brain Volumes in Aging

KL-VS heterozygotes, in the middle for noncarriers, and
lowest for KL-VS homozygotes (significant difference
between intercepts, P < 0.0001) (Fig. 4B; Table 4).

In parallel with volume, the hypothesized KL-VS geno-
type relationship with executive function was also signifi-
cant (P = 0.03) (Table 4). KL-VS heterozygotes showed
enhanced executive function, noncarriers showed average
levels and KL-VS homozygotes showed the lowest levels.
Post hoc pairwise comparisons using this model revealed
that executive function in KL-VS heterozygotes was sig-
nificantly better (P < 0.005, one-tailed) and in KL-VS ho-
mozygotes tended to be worse (P = 0.16, one-tailed),
compared to noncarriers (Fig. 5A). In all three genotype
groups, executive function significantly declined with age
(P =525 x 107% mno significant difference between
slopes, P = 0.49), and baseline differed by KL-VS geno-
type (P < 0.0001) (Fig. 5B; Table 4). Volume of rDLPFC
was positively correlated with executive function
(P = 0.002, 0.15 &£ 0.05), but there was no interaction
between rDLPFC volume and KL-VS genotype on execu-
tive function via meta-analysis (P = 0.41) (Fig. 5C).

We performed mediation analysis using all three
genotype groups. In bivariate models, KL-VS genotype
significantly  predicted rDLPFC volume (P = 0.01,
0.26 + 0.10) and  executive function (P = 0.02,
0.24 £ 0.10) (Fig. 5D). rDLPEC volume also significantly
predicted executive function (P = 0.002, 0.15 £+ 0.05). In
multivariate models, rDLPFC volume (P = 0.004,
0.14 £ 0.05) and KL-VS  genotype (P = 0.048,
0.20 £ 0.10) were both significant predictors of executive
function (Fig. 5D). Approximately 16% of the KL-VS
effect on executive function was mediated by rDLPFC
volume in the analysis of all three genotype groups. As in
the primary analyses, these data indicate that KL-VS-asso-
ciated alterations in rDLPFC volume partially account for
differing levels of executive function.

Discussion

Our data reveal that carrying a longevity-promoting vari-
ant of KL is associated with greater frontal brain volume
and executive function. In two independent cohorts of
healthy, cognitively normal older adults, carrying one
copy of the KL-VS haplotype was strongly associated with
greater volume of rDLPFC, a region vulnerable to struc-
tural and functional decline with aging.>*~*® This advan-
tage was limited to heterozygotes, as homozygotes tended
to show reduced volume and function. The results of this
study suggest that genetic influences on longevity, such as
KL variants, may also promote structural and functional
integrity of the brain.

KL-VS effects on brain structure and function were
observed across all ages examined. These findings raise
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Figure 5. KL-VS heterozygosity and homozygosity are associated with executive function and this is partially mediated by right dorsolateral prefrontal
cortex (DLPFC) volume. (A) KL-VS heterozygotes showed higher composite executive Z-scores than noncarriers and KL-VS homozygotes in meta-
analysis (P = 0.03). Data are means + SEM and were analyzed by a linear model adjusting for age, education, sex, APOE &4 carrier status, and center.
Post hoc pairwise comparisons using this model showed that executive function in KL-VS heterozygotes was significantly better (P < 0.005, one-
tailed) and in KL-VS homozygotes tended to be worse (P = 0.16, one-tailed), compared to noncarriers. (B) Composite executive Z-scores as a function
of age across KL-VS genotype. Across all ages, KL-VS heterozygotes had enhanced executive function whereas KL-VS homozygotes showed lower
executive function via meta-analysis (P = 0.03). Overall genotype effects on baseline (P < 0.0001), but not their slopes over time (P = 0.49), were sig-
nificantly different across groups. (C) rDLPFC volume positively correlated with executive function across KL-VS genotypes (P = 0.002). (D) Mediation
analysis of direct and indirect effects of KL-VS genotype and rDLPFC volume as predictors of executive function in both Cohorts. Bivariate (black
shaded arrows, middle, and bottom) and multivariate (teal outlined arrows, top) analyses show that each were significant predictors of executive func-
tion, indicating that KL-VS genotype effects on executive function were partially mediated by rDLPFC volume. Estimated effects (beta, in bold) of
genotype and/or volume as predictors of cognition, along with the standard error (in parentheses), are provided for each analysis. *P < 0.05,
**p < 0.01.

the possibility that klotho enhances “baseline” rDLPFC
volume and executive function. Whether this positive
neurogenetic influence on brain structure and function
extrapolates to earlier life stages, or to diseases of the
young or aging brain, requires further study.

Several methodological approaches were implemented
to ensure validity of our findings. We used a multi-stage
analytical framework for both identification and replica-
tion of rDLPFC brain structure findings associated with
KL-VS heterozygosity. Since our findings were observed
in two independent aging populations that include com-
munity-dwelling individuals, it is likely that our infer-
ences extrapolate widely. Caveats of our study include
inclusion of only Caucasians within the United States,

226

raising the possibility that more varied environmental
or genetic influences could mask effects in other
populations. Genome-wide data were available to confirm
non-Hispanic European ancestry within Cohort 2 but
such data were not available for samples in Cohort 1,
who were self-described Caucasian. The consistency of the
estimated effect of KL-VS heterozygosity on brain volume
and executive function in both cohorts suggests a low
probability of confounding due to genetic variability.
Neuroimaging data were acquired at two different field
strengths, 1.5 and 3 T; sensitivity analysis of only 3 T
data demonstrated similar results as those combining scan
types, suggesting scanner differences contributed minimal
variability.
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KL-VS heterozygosity may contribute to better execu-
tive function by enhancing physiological and molecular
mechanisms within affected networks and structures.
Broadly, prefrontal cortex is central to sensory, motor,
and limbic networks.”®>* Specifically, rDLPFC influences
cognitive action control,** working memory,” > motor
learning,”® and emotion regulation®” in health and
disease.”® *® Greater rDLPFC volume associated with car-
rying one copy of KL-VS may thus enhance function
within multiple networks. Furthermore, the increase'>'®
in circulating KL levels resulting from KL-VS heterozygos-
ity may bolster molecular and physiological substrates of
cognitive function. Interestingly, in animal models,
genetic reduction of klotho leads to synaptic reduction®®
and dysmyelination®; transgenic overexpression of klotho
enhances cognition and synaptic plasticity, in part,
through NMDA receptor-dependent mechanisms that are
key to cognition."”
increase synaptic plasticity or enhance functional connec-
tivity in networks linked to cognition.

While interactions with other genetic variants cannot
be ruled out, the results of our single-gene analysis are in

Thus, KL-VS heterozygosity may

line with previous work. KL-VS heterozygosity was
recently associated with enhanced global cognition in
three independent cohorts of healthy older adults."”
Because the rDLPFC plays important roles in multiple
domains of cognition, and because executive function can
influence other cognitive domains, it is interesting to
speculate that greater rDLPFC volume in KL-VS hetero-
zygotes could contribute to broad enhancements in global
cognition.

KL-VS homozygosity tended to be associated with
smaller rDLPFC volume and worse executive function.
These findings are consistent with previous work describ-
ing deleterious effects on lifespan,'® cardiovascular disease
risk,”?° and cognition®® from carrying two copies of this
allele. It is unclear why KL-VS heterozygosity is beneficial
and homozygosity tends to be deleterious. Possibilities
include that heterozygosity may cause compensatory
increases in wild-type KL protein levels while homozygos-
ity may result in abnormally low levels or solely mutant
KL. Alternatively, there may be adverse effects of abnor-
mally high or low KL levels resulting from homozygosity.
These possibilities require further study.

Region-specific changes in brain volume broadly
impact brain health and cognition. While smaller regional
volumes are implicated in decreased cognition due to
stress®™®” or disease,”® 7% less is known about whether
larger volumes may boost individual cognitive abilities,
provide resilience to disease, or predict healthy brain
aging. A recent study showing that larger CA3 hippocam-
pal subregions in young adults predict the precision of
memory recall’' highlights a growing appreciation that

KLOTHO Predicts Brain Volumes in Aging

anatomical variation is closely linked with function — and
that bigger volumes can indicate better function. Our data
that KL-VS heterozygosity predicts bigger rDLPFC and
better executive function, at baseline, demonstrate a role
for greater volume in enhanced executive function.

The aging brain is capable of maintaining overall func-
tion in the absence of disease® and can be positively influ-
enced by modifiers of structural integrity and synaptic
function.” Our data suggest that KL exerts a genetic influ-
ence on regional brain volume and its associated function
at baseline and is a potential predictor of healthy brain
aging. Whether KL-VS heterozygosity also provides resil-
ience against neurodegenerative diseases such as Alzhei-
mer’s, other neurologic disease, or psychiatric disease is
an important line of investigation.

Ultimately, understanding mechanisms by which hetero-
zygous KL-VS carriers derive structural and functional ben-
efits — along with characterizing KL-VS associations with
neurologic and psychiatric disease — may enable us to pre-
dict brain health and identify protective strategies for com-
bating age- and disease-related neural dysfunction.
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